generating system is N-ethylmaleimide sensitive, Ca ++ dependent, and energy requiring, but that the activity of the enzyme system in the cell is not.
INTRODUCTION
A continuous assay for superoxide (O°) ' production by digitonin-stimulated guinea pig granulocytes allows monitoring ofboth the rate ofgeneration ofthis metabolite and the activation of the system responsible for its production (1) . The ability of phagocytic cells to generate O-is dependent upon both ofthese processes. Factors which are known to affect the oxidative burst accompanying phagocytosis may do so by altering the activation process, the generating system, or both. This paper describes the effect on°2 generation by N-ethylmaleimide (NEM), divalent cations, and substances that alter cellular energy metabolism.
METHODS
Reagents were used as previously described (1) . NEM, dinitrophenol (DNP), and 2-deoxyglucose (2-DOG) were purchased from Sigma Chemical Co., St. Louis, Mo. The calcium ionophore A23187 was obtained from Eli, Lilly & Co., Indianapolis, Ind., Oil red 0 from Allied Chemical Corp., Morristown, N. J., and phthalate oil from Matheson, Coleman and Bell Co., East Rutherford, N. J.
Spectrophotometric assays were performed in a doublebeam Perkin-Elmer model 571 spectrophotometer (PerkinElmer Corp., Norwalk, Conn.) equipped with an electronically thermostatted cell compartment. Unless otherwise stated, all reactions were followed at 370C.
Granulocytes were harvested from the peritoneal cavity of casein-injected guinea pigs by a previously described procedure (2) and, except where noted, were suspended in Krebs-'Abbreviations used in this paper: DNP, dinitrophenol; Ringer phosphate (KRP) at a final concentration of 5 x 107 cells/ml.
Rabbit pulmonary alveolar macrophages were obtained from Freund's adjuvant-treated New Zealand white rabbits by a previously described procedure (3) . °2 production by phagocytic cells. 0.05 ml cytochrome c (50 nmol), 0.04 ml digitonin (10 ,ug), and 0.86 ml KRP were mixed in a 1-ml cuvette and placed in the sample compartment of the spectrophotometer. 0.05 ml cytochrome c (50 nmol), 0.04 ml digitonin (10 lg), 0.01 ml superoxide dismutase (10lg), and 0.85 ml KRP were mixed in a 1-ml cuvette and placed in the reference sample compartment. 0.05 ml ofphagocytic cells (2.5 x 106) were then added to each cuvette and the absorbance change at 550 nm was recorded. As previously described (1), immediately after mixing there is a period in which no observable change in absorbance occurs followed by an increasing rate of absorbance change until a linear rate o&c-curs. The rate of O2 production is taken from this linear increase in absorbance. The activation period is the time between the mixing of cells with digitonin and the onset of the linear rate. The lag time is defined as the time that corresponds to where an extrapolation of this linear rate intersects the base line. Identical results are obtained if digitonin is added last. In all assays any additional reagents were added to both the sample and reference compartments. All results reported, unless otherwise stated, are the average oftwo determinations which differ by less than 10% from each other. Granulocyte ATP content. Granulocytes at about 4.5 x 107/ml in KRP were used to measure ATP content. 1-ml samples were mixed with 0.5 ml 12% perchloric acid to precipitate the protein. The resulting supemates were mixed with 0.25 ml 4 M HCO3 to neutralize and precipitate KClO4. 0.4 ml of each neutralized supernate was added to 1-ml reaction mix containing Tris-HCl (10 mM) pH 8.0, MgCl2 (2 mM), glucose (10 mM) , NADP (0.3 mM), hexokinase (1 IU) , and glucose-6-phosphate dehydrogenase (1 IU) as previously described (4) . After incubating at room temperature for 60 min, the absorbances at 340 nm were recorded and compared to values obtained with 0.4-ml samples of known ATP concentration. All results reported are the average of three samples.
Ingestion of particles by phagocytes. Ingestion of opsonized particles by granulocytes was studied by the method of Stossel et al. (5) with endotoxin-coated phthalate oil containing Oil red 0 dye and opsonized with fresh guinea pig serum. Assay mixtures contained phagocytic cells at 2 x 107 ml and opsonized particles (6 mg endotoxin/ml) in KRP with and without the additions noted. At various times from 0 to 5 min, 1-ml samples were placed in 10-ml ice-cold normal saline containing 1 mM NEM. The cells were centrifuged, then washed three times in the same cold saline solution; the dye was extracted into dioxane, and absorbance at 520 nm recorded. All results are the average of two determinations.
RESULTS
Effect ofNEM on 02 generation by guinea pig granulocytes. NEM interferes with oxidative metabolism in phagocytic cells (6, 7) . Complete inhibition of digitonin-induced O2 production by granulocytes occurs at 1 mM NEM.
Because the production of O2 by granulocytes is a result of two phenomena: (a) the activation of an°2 generating system and (b) the activity of this enzyme system, the results of the above experiment could be the result of an effect of NEM on the activation or the enzyme system itself. To determine which process is affected, NEM was added at various times both before and after the addition of cells. As can be seen in Fig. 1 Effect of divalent cations on O2 generation. Divalent cations, Ca++ (1.0 mM) and Mg++ (1.5 mM), are part of KRP buffer and are involved in the phagocytic process (5, 8) . We examined the effects of each on°2 generation by granulocytes. The absence of either Ca++ or Mg++ causes a significant decrease in°2 generation (Ca++ > Mg++). In the absence of both divalent cation no°2 production occurs. To study the interrelationships of the two divalent cations, the rate of O2 generation was examined as a function of Ca++ concentration in the presence and absence of 1.5 mM Mg++. The results are shown in Fig. 4 . In the absence of Ca++ very little°2 generation occurs. As the Ca++ concentration increases more°2 is generated. In the presence of Mg++ maximum°2 generation occurs at 0.5 mM Ca++. In the absence of Mg++ the same maximum rate is obtained but requires 2.0 mM Ca++. Only Ca++ is necessary for°2 generation, and Mg++ acts by decreasing the concentration of Ca++ required for maximum rates.
To examine whether the effect of Ca++ is on the activation process or the enzyme activity, the Ca++-chelator ethylene glycol bis (,3 aminoethyl ether) N,N,N',N tetraacetate (EGTA) was used. Table I shows the effects of 10 mM EGTA on°2 generation. EGTA added before the addition of cells, inhibits the rate by 75%, but EGTA added 3 min after the cells produces no inhibition. KRP without Ca++ supports only a small amount of°2 production.
The possible role of Ca++ transport in the activation (6) and either unaffected (ingestion) (5) or stimulated (oxidative metabolism) (9) by inhibitors of mitochondrial energy formation. Fig. 5 shows the effect of the glycolytic inhibitor, 2-deoxyglucose (2-DOG), on O2 generation and ATP content. This experiment was performed by incubating granulocytes at 4.8 x 107/ml in KRP containing 10 mM 2-DOG. At various times samples were removed and both ATP content and the ability of the cells to generate O2 in the presence of digitonin were measured. There is a direct relationship between the level of ATP in the cell and the rate of O2 production. Control cells incubated for up to 60 min showed no change in either their ability to generate O2 or in ATP content. Fig. 6 shows the ability of glucose to prevent both the 2-DOG-induced loss of ATP and the inhibition of°2 generation. Mannose (10 mM) could also partially prevent the loss of both ATP and°2 generating ability by 2-DOG (10 mM). Galactose, fructose, dihydroxyacetone, adenosine, inosine, succinate, and pyruvate at 10-mM concentrations were similarly tested. None of these could either prevent the 2-DOG-induced loss of ATP or the loss of°2 generating ability by granulocytes. Glucose (8 mM) by itself caused threefold stimulation of°2 production but had no effect on ATP content. Despite the marked stimulation of°2 production by glucose, there was no effect of glucose on the rate of activation of the°2 generating system. Fig. 7 shows that the presence ofeither dinitrophenol (DNP) or cyanide (CN-) in the assay mixture causes an increase in the rate of°2 production. CN-consistently caused a greater increase in this rate than DNP. In another experiment the addition of the two together gave the same stimulation of CN-alone. Neither agent affected the rate of activation. We next studied the possible interactions between the two forms of energy metabolism. Cells were incubated in the presence or absence of 10 mM 2-DOG for 5 min and then aliquots were removed and assayed for digitonin-induced°2 generation with and without CN-or DNP. The results are shown in Table II Granulocytes at 5 x 107/ml were incubated for 5 min in either KRP or 2-DOG and then 50 ,ul was added to standard assay cuvettes containing the additions shown and 0°pro-duction monitored.
dicates a role for mitochondrial energy metabolism in addition to glycolytic energy metabolism in the generation of O°2
To determine whether the role of energy metabolism was in the activation process or the enzyme activity itself, the following experiment was performed. Granulocytes were incubated for 5 min in 2-DOG, and samples were removed for assay of O2 production. At various times during the course of the assay, 1 mM CNwas added to the assay cuvettes. The results are shown in Fig. 8 . When CN-is added together with cells, almost complete inhibition of O2 generation occurs. As the time between the addition of cells and CN-increases, there is progressively less inhibition. After 120 s, i.e., after complete activation occurs, the addition of CN-results in about a 30% increase in enzyme activity. This is similar to what is seen in cells not incubated with 2-DOG. These results indicate that it is the activation process that is energy dependent but not the enzyme activity itself. Similar results were obtained with DNP.
A similar experiment adding 2-DOG at various times after the addition of cells was not helpful because to inhibit O2 generation incubation of the cells was required. However, evidence that 2-DOG exerts its effect during activation was obtained by examining the lag time for the activation of the°2 generating enzyme. i1. of each sample was added to standard assays for O2 production, and the linear rates (0) and lag times (0) were recorded.
amounts of 2-DOG. This indicates an effect of 2-DOG on the activation process. Effect of CN-and 2-DOG on ATP levels. ATP concentrations were measured in granulocytes incubated in 2-DOG with and without CN-and with and without digitonin. Table III shows that whereas incubation in 2-DOG resulted in a marked decrease in cellular ATP, the addition of CN-in the presence of 2-DOG had very little further effect on ATP levels. The presence of digitonin caused no depletion of ATP content of these cells.
Effect ofCN-on 02 generation by rabbit pulmonary alveolar macrophages. We measured°2 generation in rabbit pulmonary alveolar macrophages. These cells, unlike other phagocytic cells, derive their ATP from FIGURE 10 The effect of CN-on O-production by digitoninstimulated rabbit pulmonary alveolar macrophages. Macrophages at 5 x 106/ml were added to a standard assay for°2 production and at the times indicated on the abscissa, CN-(1 mM) was added and the linear rates of°2 production were recorded (0). The open circle represents the rate in the absence of added CN-. mitochondrial oxidative phosphorylation (10) . As can be seen in Fig. 10 , 1 mM CN-completely inhibits the ability ofthese cells to generate°2 when added at zero time. However, as the interval between the addition of cells and CN-is increased, progressively less inhibition is obtained. After 1.5 min no inhibition is seen. This corresponds to the activation time for maximum°2 generation by these macrophages. Similar results were obtained with DNP. Incubating rabbit pulmonary alveolar macrophages for 15 min in 10 mM 2-DOG resulted in no inhibition of digitonin-stimulated°2 production. Effect of energy metabolism on ingestion by granulocytes. We examined whether CN-by itself, or in the presence of 2-DOG would affect ingestion. Table  IV shows that incubation of cells in 10 mM 2-DOG for 15 min results in a 30% inhibition of ingestion and that CN-by itself does not inhibit ingestion. However, the addition of CN-to 2-DOG-treated cells results in almost complete inhibition of ingestion. To determine whether energy metabolism is essential for ingestion or for a step preceding it, CN-was added to cells incubated with 2-DOG at various times after mixing the cells with opsonized particles. CN-prevented any further ingestion whenever it was added to the system. Thus, although the enzyme generating°2 is not affected by inhibition of ATP production, the system responsible for ingestion is affected by the inhibitors examined.
DISCUSSION
Digitonin stimulation of the oxidative burst in phagocytic cells mimicks stimulation by particles (11) . We Effect of Inhibitors on Activation of Neutrophil 0-Production Cells (4 x 107/ml) were incubated at 37°C in either KRP or 10 mM 2-DOG. At 15 min, 0.8 ml were removed and added to 0.2 ml of Oil red 0 containing particles with and without 0.02 ml of 0.05 M NaCN-and incubated at 37°C for 5 min.
The reaction was stopped with the addition of 10 ml of icecold saline containing 1 mM NEM, and washed twice with this solution. The dye was extracted with 1 ml of dioxane and absorbance read at 520 nm against a dioxane blank.
have previously shown that the same O2 generating system is activated by both this detergent and opsonized zymosan (1) . The use of a continuous assay for O2 production by digitonin-stimulated granulocytes allowed us to examine the effects of various compounds on both the activation of the generating system and the activity of the enzyme system itself. NEM has been shown to inhibit the oxidative burst of phagocytosis (6, 7) . NEM at concentrations between 0.1 and 1.0 mM causes a progressively increasing inhibition of digitonin-induced O2 generation by guinea pig granulocytes. We postulate that the mechanism of this inhibition is that NEM prevents the activation of the enzyme responsible for O2 generation but has no effect on the enzyme activity as it exists in the cell. This is based on the observation that NEM inhibits O2 production by digitonin-stimulated granulocytes only when added before complete activation of the enzyme and, in addition, prolongs the time necessary to activate the O2 generating system. Divalent cations play roles in both ingestion (12) and oxidative metabolism (11) by phagocytes. In digitonin-stimulated granulocytes, Ca++ is essential and sufficient for maximal O2 generation. Mg++, which by itself supports very little O2 generation, decreases the amount of Ca++ necessary to obtain full activity. Ca++ appears essential for activation but not for the activity itself. This is suggested by the ability of the Ca++-chelator EGTA to prevent digitonin-induced O2 generation when added before, but not after, activation of the system. It is possible that Ca++ transport occurs during the activation process and EGTA cannot bind the intracellular Ca++. The lack of effect of the Ca++ ionophore, A23187, on activation argues against the possibility that Ca++ transport is at least a rate limiting step. It has been previously reported that O2 generation by cell-free particles does not require Ca++ (13) , and we have found no effect of EGTA on reduced pyridine nucleotidedependent°2 generation by membrane fragments.2
The ability ofgranulocytes to generate O2 when stimulated by digitonin is inhibited by incubation of the cells with 2-DOG. The inhibition is time-and concentration-dependent and correlates with the loss of ATP. ATP depletion is presumably due to both an inhibitory effect on glycolysis and to the formation of 2-DOG-6-PO4 which cannot be further metabolized. Glucose prevents this inhibition by competing for membrane transport and phosphorylation. Mannose partially prevents this inhibition and ATP loss by competing for membrane transport. Various compounds presenting alternative energy sources could not prevent 2-DOG inhibition of°2 production. These included: (a) other six-carbon sugars, such as galactose and fructose; (b) dihydroxyacetone, which enters the glycolytic pathway at the triose level; (c) adenosine and inosine, which enter through ribose phosphorylation (an ATP-independent process in erythrocytes [14] ); and (d) pyruvate and succinate, which provide ATP through mitochondrial oxidative phosphorylation. These compounds also failed to prevent 2-DOG-induced ATP depletion. Combinations of these agents were equally ineffective. We conclude that either the granulocyte cannot utilize these substances as sources for ATP or 2-DOG may alter the cell to prevent these compounds from exerting their metabolic effects. Recently, Boxer et al. (15) have shown that 2-DOG inhibits phagocytosis of particles by guinea pig granulocytes with a concomitant decrease in intracellular ATP. They were able to reverse the ATP effect and some of the phagocytic effects by incubating the 2-DOG-treated cells with pyruvate for 60 min. Our incubation conditions differed from theirs in that we used higher concentrations of 2-DOG and performed the assays after 15 min incubation.
CN-and DNP cause a greater amount of°2 generation from digitonin-stimulated granulocytes. CN-may act in part by inhibiting myeloperoxidase. Myeloperoxidase-deficient granulocytes generate more°2 than normal ones (16) . However, CN-and DNP probably share a separate means of enhancing°2 generation because DNP does not cause further stimulation of CN-stimulated cells, yet it is not known to affect myeloperoxidase. Jandl and Babior (17) have shown that stimulation of granulocytes with opsonized zymosan in the presence of either CN-or N-results in activation of more pyridine nucleotide oxidase in cellfree particles, and we (18) have shown that membrane fragments derived from digitonin-treated cells have a higher specific activity of this enzyme when cells are activated in the presence of glucose or CN-. These 2Cohen, H. J. Unpublished observations. results indicate that the presence of these metabolites affects the activation of more enzyme molecules rather than the intracellular concentration of the substrate(s) for the enzyme.
Baehner et al. (19) found that phagocytosis by granulocytes from a patient with phosphoglycerate kinase deficiency was sensitive to CN-. In these cells, energy formation from glycolysis is prevented so that only mitochondrial oxidative phosphorylation can serve as a source of ATP. It has also been shown that oligomycin, an inhibitor of mitochondrial electron transport, inhibits glucose oxidation in 2-DOG-treated granulocytes (20) . In cells whose digitonin-induced stimulation of O2 generation was only partially inhibited by 2-DOG, addition of CN-or DNP cauised complete inhibition, indicating a role for mitochondrial ATP formation in activation of these cells. The inability of CNor DNP to prevent°2 production when added after complete activation of the enzyme demonstrates that ATP formation is required only for activation of the enzyme and not for its continued activity. The ability of 2-DOG to increase the time necessary for activation shows that inhibition by 2-DOG acts at least in part on the activation process.
Rabbit pulmonary alveolar macrophages, unlike most phagocytic cells, derive their energy from mitochondrial oxidative phosphorylation (10) . In these cells, the addition of CN-, but not 2-DOG, inhibits digitonin-stimulated°2 generation, but only when added before frill activation.
Although the inhibition of°2 generation by 2-DOG correlates with ATP depletion in the granulocyte, concomitant incubation of the cell with CN-which only slightly lowers the ATP content, completely inhibits°2
production. This finding, together with the immediate effect of CN-on macrophage°2 production, suggests that it is the ability to generate ATP and not the intracellular concentration of ATP that determines the rate and degree of activation, i.e., the process of activation is linked to ongoing energy formation.
Prolonged incubation of granulocytes with 2-DOG prevents ingestion of particles by the cells (21) , and CN-by itself has no effect on this process (17) . However, the addition of CN-to cells incubated for short periods of time with 2-DOG (so that only partial inhibition of ingestion occurs) results in almost complete inhibition ofingestion. Unlike its effect on°2, the addition of CN-at any time to 2-DOG-treated cells results in a cessation of ingestion.
Phagocytic cells from patients with chronic granulomatous disease cannot generate°2 when stimulated by opsonized bacteria (22) . Digitonin also fails to stimulate°2 production by these cells.3 Chronic granulomatous disease can have both a sex-linked (23) and autosomal 3Cohen, H. J. Unpublished observations. recessive (24) mode of inheritance. This suggests that defects in each of at least two factors can account for the same phenomenon. McPhail et al. (25) suggest that the sex-linked form of chronic granulomatous disease may restult from an inability to activate a pyridine nucleotide oxidase. The effects of NE M, Ca++, and energy metabolism on°2 production indicate the complex nature of the conversion of a resting granulocyte to one that produces active oxygen metabolites. It is likely that more than a single molecular event is involved in this activation. Defects in any of these could result in a phagocytic cell devoid of the ability to generate bactericidal active oxygen metabolites.
